Abstract Antarctic soils are typically low in carbon, nitrogen and phosphorus. Ornithogenic and hydrocarbon-contaminated soils, however, could be considered eutrophic. In this chapter, we review the microbial composition of ornithogenic and hydrocarbon-contaminated soils. Ornithogenic soils form in soils under bird nesting sites. These include those that form under penguin colonies of coastal soils and under bird nests in coastal soils and on nunataks. The soils currently occupied by birds have high levels of C, N and P and a low C:N ratio.
genera have been observed widely in contaminated temperate soils and have the capability to degrade hydrocarbons. Filamentous fungi from the Ascomycota phylum commonly isolated from contaminated soils include those from the Cadophora, Trichoderma and Mortierella genera, but their ability to degrade hydrocarbons is not always known. There is limited knowledge on the effect of hydrocarbons on Archaea, invertebrates or photosynthetic microbes in hydrocarbon-contaminated Antarctic soil. Our knowledge of eutrophic soils of Antarctica is sparse.
Introduction
Eutrophic soils are those high in nutrients. Although Antarctic soils are typically low in carbon, nitrogen and phosphorus, there are some exceptions (that is, ornithogenic and hydrocarbon-contaminated soils) that could be considered eutrophic. The term ''ornithogenic soils'' was first used by Syroechkovsky (1959) and later applied by Ugolini (1972) to soils which ''consist of a layer of guano resting sharply on unconsolidated coarse sand' ' (Fig. 6 .1). In Adélie penguin rookeries guano holds together stones, about 3-10 cm in diameter, that are used by the birds to build their nests on beach ridges, leading to the development of raised mounds that provide some protection from meltwater for the birds, their eggs and chicks (Hofstee et al. 2006) . Ornithogenic soils may also derive from the guano of skuas and snow petrels that nest in coastal colonies or on nunataks.
In contrast to ornithogenic soils that occur naturally, hydrocarbon-contaminated soils have elevated levels of carbon, but not nitrogen or phosphorus, due to fuel spills resulting from human activities. Petroleum hydrocarbons are required for power generation, heating, and the operation of vehicles, aircraft and ships. Hence, accidental fuel spills on Antarctic soils occur mainly near settlements, including current and former scientific research stations and field camps where fuel is stored and aircraft and vehicles are refuelled (Aislabie et al. 2004 ).
Ornithogenic Soils
Ornithogenic soils form in coastal regions under penguin rookeries and on inland nunataks where birds nest. Compared with mineral soils, ornithogenic soils currently occupied by penguins are generally high in organic C, total nitrogen and phosphorus, and elevated electrical conductivity, while pH is variable and the C:N ratio is low (Table 6 .1). Accumulated organic matter in soil from abandoned nest sites declines due to reduced inputs, decomposition and leaching (Zdanowski et al. 2005; Hofstee et al. 2006 ). Organic matter is brought to the rookery during summer when the penguins are ashore and is added to the soil as penguin guano, feathers, eggshells and bird remains. Guano contains uric acid, the primary nitrogenous waste product of birds, and undigested material such as chitin derived from krill, the almost exclusive food source of Adélie penguins. Although it breaks down rapidly in moist environments, uric acid is not readily degraded in arid soils (Ramsay and Stannard 1986) .
Nitrogen in ornithogenic soils occurs as uric acid and ammonium with lesser quantities of nitrate (Speir and Cowling 1984) . Ammonium and nitrate readily serve as nitrogen sources for microbial growth. Similarly, uric acid is degraded under aerobic and anaerobic conditions and can serve as both carbon and nitrogen sources. The detection of nitrate in ornithogenic soil may be due to in situ nitrification. Most phosphorus in ornithogenic soils occurs in organic and inorganic forms and has recently been shown to occur as matrix-bound phosphine, in soils of east Antarctica (Zhu et al. 2011) . Both salts and ammonium contribute to the osmotic potential of ornithogenic soils with salts originating from guano and penguin nasal excretions as well as from seawater. 
Microbial Communities
Microbial biomass, respiration and nitrogen mineralization activity are typically higher in ornithogenic than in mineral soils (Roser et al. 1993; Tscherko et al. 2003; Barrett et al. 2006) . In summer, midday soil respiration rates measured at Cape Hallett on an ornithogenic soil were an order of magnitude greater than that of mineral soils located in North and Southern Victoria Land (Barrett et al. 2006) . Similarly, soils under the nests of snow petrels on a nunataks in Dronning Maud Land exhibited higher rates of respiration and than mineral soils away from the nests (Cocks et al. 1998 ). Orchard and Corderoy (1983) showed that decomposition rates in ornithogenic soils of Cape Bird were dependent on soil temperature and moisture. Barrett et al. (2006) , however, reported that at Cape Hallett microbial biomass C, but not soil organic carbon or moisture contents, significantly influence rates of in situ soil respiration. Measurements of nitrous oxide and methane fluxes on ornithogenic soils were 1-2 orders of magnitude higher than those from moss-covered soils in maritime Antarctica (Sun et al. 2002) . Bacteria dominated the soil microbiota of ornithogenic soils under active penguin colonies; few yeasts or fungal hyphae were revealed by microscopic examination (Roser et al. 1993) . Total counts in ornithogenic soils ranged from 10 8 to 10 11 g -1 of dry soil in surface soils (Ramsay and Stannard 1986; Roser et al. 1993; Bölter et al. 1997; Table 6 .1) and the numbers of culturable bacteria varied from 10 5 to 10 8 g -1 (Ramsay and Stannard 1986; Pietr 1986 ). Highest numbers of heterotrophic culturable bacteria occur in surface organic layers and decrease with soil depth (Table 6 .1). Among the culturable heterotrophs, bacteria that degrade proteins, uric acid and chitin were prevalent, as were endospore formers (Pietr 1986 ). Relatively high numbers of culturable uric acid degrading bacteria are present in ornithogenic soils, with 10 3 -10 4 degraders g -1 dry soil at the surface declining to undetectable numbers in lower levels (Pietr 1986) . In contrast to heterotrophs, the highest numbers of nitrifying bacteria have been detected in the soil layers deep in the soil profile (Pietr 1986 ). Investigations by Ayton et al. (2010) revealed that Archaea were either absent or below detection limits in ornithogenic soils. Although occupied soils within the penguin rookery are usually devoid of vegetation, abandoned soils or those on the margins of the rookery receiving nutrients in run-off may have diverse communities of photosynthetic organisms (Tatur et al. 1997) .
Photosynthetic Microbes
Photosynthetic microbes are commonly encountered where ornithogenic soils predominate in Antarctica. They are more widely reported than heterotrophs, since they may be visible to the naked eye. Visible growths of most species result from the accumulation of individuals (such as numerous intertwined cyanobacterial trichomes), although in some (notably the green alga Prasiola), the individuals themselves can be macroscopic. Here, we treat Prasiola with microscopic genera, both for the sake of convention and for ecological commonality. The algae of lichen associations are not considered.
Definitions of both ''ornithogenic'' and ''soil'' have been relaxed for our purposes to include ''bird-influenced''-substrates receiving variable inputs of guano and other ejecta from birds, as well as those having these inputs as their main origin-and terrestrial substrates where water can pond for some time. Algae are commonly encountered on dry soil in Antarctica, but the growth of these organisms occurs predominantly during or immediately after their inundation by water during melting events. Sampling sites have not always been described in detail, so the extent of bird influence and irrigation can be difficult to determine for some studies.
Unlike records of heterotrophs, the majority of photosynthetic microbes found to date in Antarctic ornithogenic soils were identified using microscopy and morphological features and represent sparser data from more sites. The organisms comprise four main groups: Cyanobacteria (''blue-green algae'', 29 genera, 42 subgeneric taxa), Chlorophyta ? Charophyceae (''green algae'', 35 genera, 41 subgeneric taxa), Xanthophyceae (''yellow-green algae'', 9 genera, 11 subgeneric taxa) and Bacillariophyceae (''diatoms'', 26 genera, 43 subgeneric taxa). These totals omit unspecified identifications (e.g. Chlorella sp.) in the subgeneric tallies. The most commonly encountered taxa are listed in Table 6 .2.
Prasiola spp. and the related Prasiococcus calcarius are the most widely encountered algae in ornithogenic habitats in Antarctica. P. calcarius is reported from at least 16 different regions of the Antarctic area considered in this chapter, and Prasiola from at least 25. Growths of these species are generally macroscopic and conspicuous, and Prasiola prefers well-irrigated soils, usually in association with dark mats of oscillatorialean cyanobacteria (Broady 1996) . Prasiola from these habitats has usually been reported as Prasiola crispa. However, a recent study of Antarctic material in conjunction with the type material of this species showed that some specimens belong to a robustly separated lineage (now known as Prasiola antarctica; Moniz et al. 2012) . Unfortunately, it is not currently possible to distinguish these lineages on the basis of morphology.
Drier ornithogenic soils contain diverse communities of microscopic chlorophytes (Broady 1996) . Many of these require culturing for accurate identification and a paucity of morphological characters in the simpler forms means that identifications can still remain tentative in the absence of molecular data (which to date have seldom been obtained from Antarctic material). These include organisms referred to as species of Chlorella or Chlorococcum, and it is quite likely that these records conceal significant phylogenetic diversity.
Species of Phormidium are the most common cyanobacteria. These refer to filamentous forms with sheaths of varying thickness, and many forms have tapering ends and calyptrae. The genus is known to be polyphyletic, and new genera are gradually being erected to accommodate various clades (e.g. Wilmottia, Strunecký et al. 2011 ). Rudolph (1963) , Hirano (1965) , Longton (1973) , Hoshiai and Matsuda (1979) , Broady (1979a Broady ( , b), (1982 Broady ( ), (1983 Broady ( ), (1985 , (1986), (1987) (continued) The most common diatom species found are those of Luticola and Pinnularia. Morphological identifications of diatoms are generally more reliable than those of ''soft algae'', being based on features of silica frustules that can be readily preserved. The diatom flora of Antarctica is depauperate in species compared with floras of other regions, with approximately 40 species in all terrestrial Antarctic habitats (Broady 1996) . Since 43 subgeneric diatom taxa are found in the literature from nominally ornithogenic soils, it follows that the majority of the species known from Antarctica can be found in enriched sites.
Does the ornithogenic habitat select a particular flora? The answer is not clearcut. It is known that substances found in ornithogenic soils, such as acrylic and oxalic acids, can prevent the growth of algae (e.g. Kol 1970; Akiyama et al. 1986 ). Irrigated soil in the immediate vicinity of penguin colonies often supports Prasiola, Prasiococcus, oscillatorialean mats, and the diatom Luticola. However, the eutrophication of these soils occurs on a continuum, and the likelihood of encountering more generalist algal species increases as the influence of birds wanes. Many species recorded from soils influenced by birds have also been found elsewhere, often as part of the same survey, such as Botrydiopsis constricta and Cyanothece major from the Antarctic Peninsula and South Georgia (Broady 1979b) , Phormidium autumnale from numerous sites (e.g. Broady 1979a Broady , b, 1986 Broady , 1989a Fermani et al. 2007; González Garraza et al. 2011) , Tribonema vulgare from Cierva Point, Antarctic Pensinsula (Mataloni and Tell 2002) , Mayamaea atomus from the Vestfold Hills (Broady 1986) , and Desmococcus olivaceus from many sites including the Windmill Islands, Wilkes Land (Ling and Seppelt 1998) . All these species are also found outside Antarctica, in non-ornithogenic soils and other habitats.
Heterotrophic Bacteria
The bacterial composition of ornithogenic soils from Cape Hallett and Cape Bird has been determined using 16S rRNA gene clone libraries prepared from total community DNA (Aislabie et al. 2009 ). The clones numerically dominating the respective samples were sequenced and revealed to be taxonomically affiliated with the phyla Firmicutes, Proteobacteria, Actinobacteria, Bacteroidetes and Deinococcus-Thermus (Fig. 6.2) . The clones were taxonomically affiliated with heterotrophic bacteria that grow under aerobic or anaerobic conditions. The composition of the soils was dependent on the influence of penguins. For those sites currently occupied, Firmicutes were prevalent, whereas Gammaproteobacteria, Actinobacteria and Bacteroidetes dominated abandoned soil. Investigation of ornithogenic soil from Signy Island using DGGE revealed a dominance of Bacteroidetes (Chong et al. 2009a ). The environmental variables that best explain differences in bacterial community composition structure include nutrients (C, N and P) and salinity (measured as electrical conductivity) (Aislabie et al. 2009 ).
Most of the clones ([60 %) retrieved from soil occupied by penguins from Cape Hallett and Cape Bird belonged to the Firmicutes. Many of the Firmicutes were most closely related to heterotrophic endospore-forming bacteria (Aislabie et al. 2009 ). As endospore production confers an ability to survive inhospitable conditions, it may aid the ability of bacteria to colonize and survive in soils occupied by penguins. The most common phylotype detected in the Cape Bird and Cape Hallett soil belonged to the Bacillaceae and was most closely affiliated with a group of moderately halotolerant bacilli including the genera Oceanobacillus, Paucisalibacillus, Salinibacillus and Virgibacillus. The closest cultured relative of the clones was Oceanobacillus profundus, a salt-and alkali-tolerant bacterium ). Other putatively halotolerant bacteria detected in the soil belonged to Sporosarcina. The second most common Firmicutes phylotype detected in Cape Hallett soil belonged to the order Clostridiales and was distantly related to Clostridium acidurici and Clostridium purinilyticum. These bacteria metabolize purines, uric acid derivatives and pyrimidines for growth anaerobically, implying that microbes belonging to this phylotype may degrade uric acid under anaerobic conditions in penguin-colonized soils of Cape Hallett. Firmicutes were also prevalent in Adélie penguin guano (Banks et al. 2009 ); however, they were not closely related to those detected in ornithogenic soils. Banks et al. (2009) detected Fimicutes related to Mycoplasma spp., Peptostreptococcus spp and Guggenheimella bovis in the faecal flora of Adélie penguins. Attempts to culture Firmicutes representative of the dominant phylotypes from soil have so far been unsuccessful. Gammaproteobacteria were prevalent in ornithogenic soil from Cape Hallett but not detected in soil from Cape Bird and were more common in abandoned soil than occupied soil. In occupied soil, the Gammaproteobacteria belonged to the genus Psychrobacter. Novel strains of Psychrobacter isolated from ornithogenic soils of East Antarctica degraded uric acid and were halotolerant (Bowman et al. 1996) . Psychrobacter spp. have also been isolated from guano of an Adélie penguin (Zdanowski et al. 2004) . In contrast to occupied soil, the gammaproteobacterial phylotypes detected in the abandoned soil were more diverse and typically assigned to the family Xanthomonadaceae. The closest relatives of the gammaproteobacterial phylotypes were uncultured bacterial clones, some of which were detected in Antarctic lake sediment receiving penguin droppings. The closest relatives of the Xanthamonadaceae include bacteria belonging to the genera Rhodanobacter and Dokdonella. Some Rhodanobacter species use amino acids rather than sugars for growth, produce proteases, and may grow under nitratereducing conditions (Lee et al. 2007 ). Members of the Xanthamonadaceae likely contribute to organic matter decomposition in situ.
The few clones detected in Cape Hallett occupied soil and assigned to Actinobacteria were not affiliated with known families, indicating they are novel. In contrast, the actinobacterial clones from the abandoned soil were more diverse; a few belonged to Patulibacter or Mycobacterium but others could not be assigned to known genera. Actinobacteria isolated from soils are saprophytes, recognized for their ability to metabolize a wide range of substrates including amino acids and sugars. Although Bacteroidetes were minor constituents of Cape Hallett and Cape Bird soil, they were dominant in ornithogenic soil from Casey Station in East Antarctica (Chong et al. 2009b ) and Signy Island (Chong et al. 2009a) . Closest relatives of the Bacteroidetes detected in the soil included clones detected in Antarctic lake sediment receiving penguin guano. Bacteroidetes were detected in Adélie penguin guano (Banks et al. 2009 ), prominently during early stages of guano decomposition (Zdanowski et al. 2004 ) and have been implicated in degradation of chitin in Antarctic sediments receiving penguin guano (Xiao et al. 2005) . A few clones from Cape Bird soils were assigned to the genera Deinococcus which falls within the extremotolerant phylum Deinococcus/Thermus.
Fungi
Investigations of fungi in Antarctic soils have generally involved cultivation on agar plates and then identification using morphology and, increasingly, molecular tools (Arenz and Blanchette 2009) . As for Antarctic soils, in general, it appears that most fungi in ornithogenic soils belong to the phylum Ascomycota with fewer Basidiomycota and Zygomycota (Fletcher et al. 1985; Arenz et al. 2006; Arenz and Blanchette 2009; Blanchette et al. 2010 ; Table 6 .2). Common among the Ascomycota were Geomyces and Cadophora species, which have been isolated from soils associated with penguin rookeries of Port Lockery and/or Cape Royds (Arenz et al. 2006; Arenz and Blanchette 2009; Blanchette et al. 2010) . Geomyces species include the fungus formerly known as Chryosoporium pannorum. This fungus is cellulolytic and keratinolytic, grows well at low temperatures, and has also been isolated from feathers, nests and mud in Elephant seal wallows on Signy Island (Pugh and Allsopp 1982) . Blanchette et al. (2010) suggested that highnutrient concentrations may be promoting growth and activity of Cadophora species isolated from soil at Cape Royds. Some of the fungal isolates from ornithogenic soils such as the cosmopolitan Thelebolus (in particular Tylopilus microsporus) are reported to be psychrophilic and coprophilic and have been isolated from skua dung and feathers (de Hoog et al. 2005) . Thermophilic fungi such as Aspergillus fumigatus and Chaetomium gracile have been isolated from soils and guano, but it is not known if they are active in soil (Wicklow 1968; Ellis 1980) . Numbers of culturable yeasts detected in ornithogenic soils of King George Island ranged from 10 2 to 10 3 g -1 of soil (Vaz et al. 2011) . Eleven isolates were identified as belonging to the genera Bensingtonia, Candida, Cryptococcus, Leuconeurospora, Leucosporidiella and Nadsonia, and none were unique to ornithogenic soils. Cryptococcus and Candida have also been isolated from soils within a penguin rookery at Port Lockery and/or Cape Royds (Arenz et al. 2006; Arenz and Blanchette 2009; Blanchette et al. 2010) . Some of the yeast are reported to be coldtolerant, including Cryptococcus and Nadsonia, and are thought to be endemic in Antarctic and sub-Antarctic soils (Ferrari et al. 2011 ).
Invertebrate Communities
Ornithogenic soils that have formed under penguin colonies or near bird nests have been examined for nematodes, and sometimes for rotifers and tardigrades. These investigations have revealed that the bacterial-feeding nematode Panagrolaimus is most commonly associated with ornithogenic soils with P. davidii (Sinclair 2001; Porazinska et al. 2002; Barrett et al. 2006; Yeates et al. 2009 ) reported from Ross island and Cape Bird and Peromyscus maniculatus from Dronning Maud Land Boström 2008, 2009 ). Panagrolaimus along with Rhabditis sp. (originally identified as Caenorhabditis sp.) have been reported to dominate ornithogenic soil samples from maritime Antarctica (Spaull 1973; Maslen 1979 ;  Table 6 .2). Numbers differ between sites and with sampling time; and distribution may be patchy, with less than 50 % of soil samples examined from penguin rookeries of Ross Island reported to contain invertebrates (Porazinska et al. 2002) . Nematodes and rotifers may occur in the same samples, whereas tardigrades are rare (Porazinska et al. 2002; Sohlenius and Boström 2008) . Sohlenius and Boström (2008) speculated that the high abundances of nematodes detected in soils near snow petrel nests on nunataks of Dronning Maud Land were due to a high supply of food resources and an absence of predation. Analysis of the class size distribution and the occurrence of adults in soils from Cape Hallett over a 2-month sampling period, over spring and summer, indicated an annual life cycle for Panagrolaimus (Yeates et al. 2009 ). Nematodes are more abundant and diverse in soils on the rookery margins receiving nutrients; for example, Panagrolaimus, Plectus and Eudorylaimus have been detected in soils adjacent to the rookery at Cape Hallett (Barrett et al. 2006 ). Contrary to the expectations of Porazinska et al. (2002) , higher-nutrient, organic matter and moisture levels did not result in more abundant and diverse invertebrate communities in ornithogenic soils. Hence, these authors proposed that high soil salinity due to excess nutrients may limit invertebrate presence within active rookeries.
Hydrocarbon-Contaminated Soils
Total petroleum hydrocarbon (TPH) analysis of soil samples from near fuel storage tanks, fuelling stations, and machine shops confirmed the presence of hydrocarbon contamination in Antarctic soils (Aislabie et al. 2004) . Chemical characterization of the hydrocarbon contaminants revealed that n-alkanes predominate with lesser concentrations of aromatic compounds. The petroleum contaminants of greatest concern are polycyclic aromatic hydrocarbons (PAHs) due to their potential toxicity and environmental persistence. In Antarctica, methylnaphthalenes account for the majority of the PAH contaminants (Aislabie et al. 2004; Kim et al. 2006 ). This reflects the prevalence of naphthalene and methylnaphthalene, and low concentrations of larger molecular weight PAHs in aviation fuel such as JP-8 jet fuel, the major type of fuel used and hence spilled. JP-8 has about 80 % n-alkanes in the range of C 6 -C 18 , with a maximum at C 12 , and 18 % aromatics with\0.5 % PAHs having three or more rings. At some spill sites, residual hydrocarbons were detected predominantly as an unresolved complex mixture. This is indicative of a number of sources including lubricating oils, motor oils, or severely biodegraded or weathered oils. When spilled on Antarctic soils, possible mechanisms for loss of hydrocarbons include dispersion, evaporation and biodegradation (Aislabie et al. 2004 ).
Microbial Communities
Studies on the impacts of hydrocarbon spills on Antarctic soil microbes were originally initiated as part of the environmental monitoring programme for the Dry Valley Drilling Project. More recent investigations derive from interest in the potential application of bioremediation for clean-up of hydrocarbon-contaminated soils. These investigations have focused on heterotrophic bacteria and fungi.
Fuel spills on Antarctic soils can result in enrichment of hydrocarbon-degrading microbes within the indigenous microbial community (Aislabie et al. 2004 ). Hydrocarbon-degraders have been cultivated at levels [10 5 g -1 from contaminated soils, whereas numbers of hydrocarbon-degraders are often low or below detection limits in pristine soils. The detection of hydrocarbon mineralization activity in Antarctic mineral (Aislabie et al. 1998 (Aislabie et al. , 2012 Ferguson et al. 2003 ) and ornithogenic soil (Aislabie et al. 2009 ), albeit in the laboratory, indicates that the hydrocarbon-degraders can be active in situ, conditions permitting. Fuel spillage on mineral soil increases the soil C/N ratios and can deplete available nitrogen and phosphorus, which are assimilated during biodegradation (Aislabie et al. 2012) .
There has been little consideration of the impacts of hydrocarbons on Archaea, photosynthetic microbes and invertebrates in Antarctic soils (Kerry 1993; Ayton 2010) . Crenarchaea and Euryarchaea (related to Methanosarcina) were detected in hydrocarbon-contaminated soils from Scott Base and Marble Point, respectively, and numbers were tenfold lower than bacteria (Ayton 2009 ). Estimates of amoebae were higher in hydrocarbon-contaminated soil treated with nutrients than uncontaminated and contaminated control soils, indicating that they may be capable of growth in situ on oil-degrading bacteria (Kerry 1993) .
Heterotrophic Bacteria
Both culture-dependent and culture-independent methods have been employed to determine the impacts of hydrocarbon contamination on the diversity of bacterial communities in Antarctic soils.
16S rRNA gene clone libraries were prepared from total community DNA extracted from two soil depths in hydrocarbon-contaminated and control mineral soil near Scott Base on Ross Island (Saul et al. 2005 ) and ornithogenic soil from Cape Hallett (Aislabie et al. 2009 ). Clones numerically dominating the respective samples were sequenced. In the mineral soil, members of the phlya Acidobacteria, Bacteroidetes, Deinococcus/Thermus, Firmicutes and Candidate TM7 occurred exclusively in the control soils, whereas the contaminated soils were dominated by Proteobacteria (Fig. 6.2b) . Similarly, Proteobacteria were dominant in oiled soil from King George Island (Foong et al. 2010) . Conversely, both control (abandoned) and contaminated ornithogenic soils were dominated by Proteobacteria (Fig. 6.2a) (Aislabie et al. 2009 ). Spillage of oil on mineral soil can lead to a decrease in overall soil bacterial diversity (Saul et al. 2005; Chong et al. 2009b; Foong et al. 2010) , whereas for ornithogenic soil, an increase in bacterial diversity was detected in the surface organic soil layer but a decrease in the subsurface mineral layer (Aislabie et al. 2009 ).
Culturing bacteria from hydrocarbon-contaminated soils has focused on the isolation of hydrocarbon-degraders . The isolated bacteria have been assigned to the bacterial phyla Proteobacteria or Actinobacteria. Hydrocarbon-degrading bacteria from Antarctic soils are commonly psychrotolerant rather than psychrophilic, grow at low temperatures (\10°C) but have an optimum growth temperature [15°C. Some of the isolates produce biosurfactants to aid hydrocarbon degradation (Vasileva-Tonkova and Gesheva 2007) .
Proteobacteria-dominating hydrocarbon-contaminated mineral soils of Ross Island were assigned to Alpha-, Beta-and Gammaproteobacteria, specifically members of the genera Sphingomonas, Sphingobium (formerly included in Sphingomonas), Pseudomonas or Variovorax (Saul et al. 2005) . In ornithogenic soil, Gammaproteobacteria dominated the control (abandoned) and contaminated soil (Aislabie et al. 2009) , with those dominating the control soil most closely related to Rhodanobacter or Dokdonella, and those in the oiled soils related to Alkanindiges and Psychrobacter. Members of the Sphingomonas, Sphingobium and Pseudomonas genera are often implicated in aromatic hydrocarbon degradation. Sphingobium sp. Ant 17, for example, degrades numerous compounds in the aromatic fraction of crude oil, jet fuel and diesel fuel (Baraniecki et al. 2002) and utilizes many aromatic compounds for growth, including m-xylene, naphthalene and its methyl derivatives, and fluorene and phenanthrene. Cold-tolerant hydrocarbon-degrading Pseudomonas strains Ant 9 and ST41 cluster together by 16S rRNA gene analysis with Pseudomonas syringae , whereas others cluster with Pseudomonas fluorescens or Pseudomonas stutzeri. Sphingobium isolates Ant 17 and 44/02 clustered with Sphingomonas chlorophenolica and are related to aromatic-degrading Sphingobium spp. from globally distributed sources . Sphingomonas sp. Ant 20 has been assigned to the species Sphingomonas aerolata. Ma et al. (2006) found that catabolic genes amplified from several aromatic-degrading psychrotolerant Pseudomonas isolates from contaminated Antarctic soils are closely matched to those described in mesophilic bacteria.
Some Proteobacteria such as Pseudomonas spp. 5A and 5B fix nitrogen in addition to utilizing mono-aromatic hydrocarbons or hexane, respectively (Eckford et al. 2002) , whereas others degrade hexadecane under denitrifying conditions (Powell et al. 2006) . A hydrocarbon-degrading bacterium isolated from contaminated ornithogenic soil from Cape Hallett was identified as Alkanindiges CH71i (Aislabie et al. 2009 ). This bacterium clustered with the type strain Alkanindiges illinoisensis and a single phylotype detected in the subsurface mineral layer of a contaminated ornithogenic soil pit at Cape Hallett. Growth of CH71i on R2A agar, like the type strain, was greatly enhanced in the presence of n-alkanes (Bogan et al. 2003) . Pantoea sp. Strain A-13, isolated from ornithogenic soils, produced emulsifying agents when grown on n-paraffins or kerosene as sole source of carbon and energy (Vasileva-Tonkova and Gesheva 2007) .
Members of the Actinobacteria were found in both oiled and control soils (Fig. 6.2a) . However, whereas Rubrobacter were most prevalent in the control soil from Scott Base, Rhodococcus spp. were prevalent in the oiled soil (Saul et al. 2005) . Alkane-degraders belonging to Rhodococcus are frequently isolated from Antarctic soil . Rhodococcus spp. strains 7/1, 5/1 and 5/14 grew on a range of alkanes from hexane (C 6 ) through at least eicosane (C 20 ) and the isoprenoid compound pristane (2, 6, 10, 14-tetramethyl-pentadecane) (Bej et al. 2000) . Phylogenetic analysis of 16S rRNA genes from the Rhodococcus isolates indicates that they group with Rhodococcus erythropolis or Rhodococcus fascians and other Rhodococcus isolates from cold soils such as Rhodococcus Q15 . Although other Rhodococcus isolates are reported to degrade aromatic compounds, the known isolates from Antarctica appear to degrade alkanes exclusively . Alkane-degrading Actinobacteria isolated from ornithogenic Antarctic soil, including isolates identified as Rhodococcus, Gordonia or an unclassified Corynebacterineae, mineralized hexadecane when grown with either ammonium nitrate or uric acid as sole nitrogen source (Aislabie et al. 2008 ). An investigation of functional genes encoding enzymes for alkane degradation led Whyte et al. (2002) to propose that Rhodococcus is the predominant alkane-degrader in both control and hydrocarboncontaminated Antarctic soils.
Fungi
Filamentous fungi and to a lesser extent yeasts from the Ascomycota phylum are commonly associated with petroleum contamination in Antarctic soils (Aislabie et al. 2001; Hughes et al. 2007) . However, there is limited understanding of those species that are not just tolerant to, but are capable of degrading hydrocarbons. Antarctic fungi tolerant to aliphatic and/or aromatic hydrocarbons include widely distributed species from within the Mortierella, Trichoderma, Mollisia, Phoma and Penicillium genera (Hughes et al. 2007 ). High numbers of Cadophora (formerly Phialaphora) and Hormoconis resinae, along with significant increases in total counts, have been observed in several contaminated Antarctic soils compared with pristine soils that were dominated by Geomyces, Phoma and Geotrichum (Kerry 1990; Aislabie et al. 2001; Arenz et al. 2006 ). This shift in species composition after hydrocarbon contamination has been observed widely in both laboratory and microcosm studies and is a phenomenon that occurs quite quickly in response to contamination with hydrocarbons (Ferrari et al. 2011) . Antarctic species capable of degrading aliphatic hydrocarbons include Mortierella and Trichoderma genera (Hughes et al. 2007) . Knowledge is limited to the capability of both Antarctic and temperate fungi to degrade hydrocarbons. Given the fact that fungi play a major role in soil processes such as biodegradation, much more work is necessary to characterize the hydrocarbon-degrading potential of dominant species before we can completely understand the importance of fungi within microbial communities in hydrocarbon-contaminated Antarctic soils.
Conclusions
Our knowledge of the microbial composition of Antarctic eutrophic soils is limited. It appears that the microbial community of eutrophic soils may be more abundant but less diverse than that of mineral Antarctic soils. Certainly, bacteria in ornithogenic soils occupied by penguins were more numerous than in mineral soils, but subsequent investigations revealed that the bacterial and nematode communities were less diverse. Three bacterial phyla were detected in occupied soils from Cape Hallett compared with nine in mineral soils from Ross Island. This is likely due to the higher osmotic potential of soils occupied by penguins, compared with that of mineral soils. Similarly, numbers of culturable bacteria in hydrocarbon-contaminated soils may be higher, but the in situ bacterial community was less diverse than pristine soil and was dominated by Proteobacteria. This is likely due to selection of hydrocarbon-degrading bacteria but may also be due to selective toxicity of the fuel to members of the soil microbial community. In contrast to ornithogenic soils occupied by penguins, those that are abandoned or adjacent likely have a more diverse microbial community. Clearly such soils exhibit extensive growth of photosynthetic organisms and have a more abundant and diverse invertebrate community.
Comparison of eutrophic soils with mineral soils indicates that the microbial communities differ; however, the response of the soils to shifts in nutrient concentrations is unknown. Key questions regarding microbial community dynamics include how quickly the community responds to spills of hydrocarbons (increase in carbon and decline in C:N ratio) or attempts to remediate the soil (by augmentation with N and P). Similarly, how long is needed for the microbial population to shift following abandonment of the soils by penguins and resulting declines in C, N, P and salinity? The application of new-generation sequencing technologies and microarrays to investigations of eutrophic soils will greatly increase our knowledge of the composition of eutrophic soils and their response to shifts in nutrient concentrations.
